OBJECTIVE -To compare steroids and their associations in men with type 1 diabetes and healthy control subjects.
T
here are several reports about abnormalities of steroids in type 1 diabetes. Besides the well-known risk factors such as diabetes duration, hyperglycemia, hypertension, and hyperlipidemia (1), steroids may also be involved in the development of micro-and macrovascular complications. However, the data about steroid levels presented in the literature are not unequivocal (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Several factors, such as insulin treatment, insulin resistance, glucose levels, presence of complications such as neuropathy or retinopathy, age, and sex, are likely to be involved in the explanation of the variation of the results between the different publications. In most studies, testosterone levels did not differ between type 1 diabetes and control subjects (2, 3, 5, 6) , except in patients with neuropathy (15) or erectile dysfunction (14) and in adolescents (4), who all had lower levels of total testosterone. Because sex hormonebinding globulin (SHBG) levels are often increased, free testosterone levels may be lower in type 1 diabetes (5,11,12,18). Also, for other steroids, differences between type 1 diabetes and control subjects may be present. However, none of these studies described the associations between steroids and their binding globulins in a single homogenous study population.
Therefore, the objective of the present study was to assess serum steroid levels in a well-defined group of adult men with type 1 diabetes, compared with control subjects matched for age, sex, and BMI. We hypothesized that differences in steroid levels between men with type 1 diabetes and control subjects could be determined by differences in steroidbinding globulins, which in turn may be related to differences in insulin and glucose levels.
RESEARCH DESIGN AND METHODS

Subjects
We studied 52 men aged 30 -45 years with type 1 diabetes of between 2 and 15 years duration and requiring insulin within 1 year after onset of diabetes, and we studied 53 healthy control subjects matched for age and BMI. Men with type 1 diabetes were recruited from the outpatient department of the diabetes unit of the Leiden University Medical Center and from five associated clinics. Control subjects were recruited by advertising in local newspapers. None of the men with type 1 diabetes had nephropathy or clinical signs of neuropathy and/or proliferative retinopathy. None of the subjects was using any medication except insulin in type 1 diabetes. The control subjects had no family history of diabetes up to the 2nd degree, and none had a fasting venous blood glucose Ͻ5.7 mmol/l. The purpose, nature, and possible risks of the study were explained to all subjects before consent was obtained. The study protocol was approved by the ethical committee of the Leiden University Medical Center.
All participants collected urine during 24 h on the day before admission. On the morning of admission before 9:30 A.M., a single venous blood sample was drawn from all participants in a sitting or supine position after a 10-h overnight fast and 45 min after insertion of an intravenous canula. In men with type 1 diabetes, the blood sample was drawn before their usual morning insulin injection. The blood was centrifuged within 30 min, and the serum was stored at Ϫ20°C. Body height and body weight were measured. Waist (minimum value between the iliac crest and the lateral costal margin) and hip circumference (maximum value over the buttocks) were measured, and the waist-to-hip ratio (WHR) was calculated to obtain information on the pattern of body fat distribution. Blood pressure was measured in a sitting position.
Assays
Serum glucose, creatinine, and urinary creatinine were measured on a Hitachi 747 analyzer (Roche, Almere, the Netherlands). HbA 1c was measured by ion exchange high-performance liquid chromatography on a Diamat (Bio-Rad, Veenendaal, the Netherlands). Testosterone, luteinizing hormone (LH), folliclestimulating hormone (FSH), and progesterone were measured by immunoluminometric assay on an Elecsys (Roche). Cortisol was estimated by a fluorescence polarization immunoassay on a TDx (Abbott, Amstelveen, the Netherlands) and SHBG by an immunoradiometric assay (Orion, Amersfoort, the Netherlands). Radioimmunoassays were used for the measurement of insulin and cortisolbinding globulin (CBG; Medgenix, EttenLeur, the Netherlands), C-peptide (Serono, Milan, Italy), androstenedione (after extraction), dehydroepiandrosterone (DHEA; DPC, Apeldoorn, the Netherlands), DHEA-sulfate (DHEAS; in-house method), 17-hydroxyprogesterone (OHP; DPC), estrone (DSL, Webster, Texas), and estradiol (Orion).
In men, the interassay coefficients of variation at physiological concentrations were as follows: testosterone 7%, SHBG 7%, FSH 4.5%, LH 12%, cortisol 6%, CBG 6%, estradiol 6%, estrone 7%, androstenedione 12%, DHEA 15%, DHEAS 12%, 17-hydroxyprogesterone 10%, progesterone 15%, insulin 12%, and Cpeptide 12%. In this study, the samples were analyzed batchwise, thereby reducing assay variability.
Insulin concentrations in the portal vein were calculated, assuming a fasting portal venous-systemic insulin gradient of 2.4 in healthy control subjects. This latter value represents the mean of the values reported in the literature, thus providing a reasonable estimate of portal vein insulin concentrations (19 -21) . In men with type 1 diabetes, a value of 1 was used, which may overestimate portal insulin levels (11). For C-peptide levels below the detection limit of 0.020 nmol/l, a value of 0.010 nmol/l was used.
Free cortisol in serum was calculated, based on a system of three binding proteins (CBG, SHBG, and albumin) and 21 steroids, the binding affinities, and free hormone concentrations for the other steroids, except cortisol (22) . The ratios of androstenedione to 17-hydroxyprogesterone and androstenedione to progesterone were used as an indication for 17-hydroxylase and 17,20-lyase activity (23) . The ratio of testosterone to SHBG was used as a free testosterone index (24) . In addition, free testosterone concentrations were calculated according to the method described by Vermeulen et al. (25) .
Statistical analysis
The results in men with type 1 diabetes and control subjects were compared using Student's t tests for two independent samples; for skewed variables we used the Mann-Whitney U test. We subsequently evaluated whether observed differences of steroid levels between men with type 1 diabetes and control subjects were explained by differences in the steroid binding globulin levels, using linear regression analysis. Possible differences in the associations between men with type 1 diabetes and control subjects were tested by including an interaction term into the model. We further investigated which components of the diabetic state (i.e., glucose, HbA 1c , or estimated portal insulin levels) explained differences in steroid binding globulin levels. We also adjusted for smoking and alcohol consumption. P Ͻ 0.05 was considered to be statistically significant. Computations were performed by using SPSS 10.0 for Windows (SPSS, Chicago, IL).
RESULTS
Clinical characteristics and glucose metabolism-related parameters
The clinical characteristics of men with type 1 diabetes and control subjects are shown in Table 1 . By protocol, age and BMI as well as blood pressure and WHR were similar. Men with type 1 diabetes smoked more and consumed more alcohol than control subjects. The daily insulin dose of diabetes patients was ϳ58 units per day, a dose at which insulin antibodies are unlikely to be present (26) . The estimated portal insulin levels were lower in men with type 1 diabetes than control subjects, despite peripheral hyperinsulinemia. C-peptide levels were Ͻ0.20 nmol/l in subjects with type 1 diabetes (27) , except in two subjects who had C-peptide levels of 0.47 and 0.31 nmol/l, respectively. In two men with diabetes, hypoglycemia was found. No hypoglycemia during the day and night before admission was reported by any of the men with type 1 diabetes. Both serum and 24-h urinary creatinine were lower in type 1 diabetes. Albuminuria was not different between men with type 1 diabetes and control subjects.
Steroids and their binding globulins
As shown in Table 2 , men with type 1 diabetes had similar testosterone, higher SHBG, a 25% lower free testosterone index, and a 10% lower calculated free testosterone than control subjects. FSH and estrone, but not LH or estradiol, were higher in men with type 1 diabetes. Men with type 1 diabetes had higher androstenedione, DHEA, and ratios of androstenedione to 17-hydroxyprogesterone and androstenedione to progesterone, compared with control subjects, whereas DHEAS did not differ. Total cortisol and CBG were higher in diabetes patients, van Dam and Associates thus free cortisol did not differ. Free urinary cortisol excretion was lower.
Multiple linear regression analysis revealed that the difference in total testosterone was practically fully explained by SHBG (Table 3) . Adjustment for alcohol use and smoking did not materially affect the results (data not shown). Also, diabetes was no longer a significant determinant of the free testosterone index and of androstenedione after adjustment for SHBG. In contrast, diabetes remained independently associated with estrone, DHEA, the androstenedione-to-17-hydroxyprogesterone ratio and the androstenedione-to-progesterone ratio (Table 3 ). Separate analysis of the various components of the diabetic state in both groups revealed that SHBG was significantly associated with estimated portal insulin in control subjects and with longterm glycemic control, as reflected in HbA 1c levels, in men with diabetes. P values for interaction between diabetes and glucose, HbA 1c , and estimated portal insulin were 0.071, 0.830, and 0.210, respectively. Further adjustment for alcohol use and smoking did not affect the results (data not shown).
The difference in cortisol was largely explained by CBG (Table 3) . Adjustment for alcohol consumption and smoking did not affect the results again (data not shown). CBG was not associated with estimated portal insulin in both men with diabetes and control subjects (Table 4) . However, CBG was associated with HbA 1c in men with diabetes but not in control subjects. P values for interaction between diabetes and glucose, HbA 1c , and estimated portal insulin were 0.319, 0.840, and 0.481, respectively. Again, further adjustment for alcohol use and smoking did not affect the results (data not shown).
CONCLUSIONS -Adult men with type 1 diabetes have similar testosterone, higher SHBG, and a tendency to lower free testosterone compared with control subjects. They have higher FSH and estrone but not higher LH or estradiol levels. Men with type 1 diabetes also have higher androstenedione, DHEA, and ratios of androstenedione to 17-hydroxyprogesterone and androstenedione to progesterone, whereas DHEAS is not different. They also have higher total cortisol and CBG, whereas free cortisol is not different, and the urinary free cortisol excretion is lower. These differences could be partly explained by differences in steroid-binding globulin levels. Estimated portal insulin was a contributer to SHBG levels in control subjects but not in men with diabetes. CBG could be mostly explained by HbA 1c in men with diabetes but not in control subjects. Normally distributed data are means Ϯ SD, and skewed data are median (range). Differences between groups were analyzed using Student's t tests, or, if skewed, using the Mann-Whitney U test. The detection limit for C-peptide was 0.020 nmol/l. Normal distributed data are means Ϯ SD, and skewed data are median (range). Differences between groups were analyzed using Student's t tests, or, if skewed, using the Mann-Whitney U test.
Gonadal steroids and gonadotropins
This study confirms previously reported similar total testosterone levels in both type 1 diabetes and control subjects (2,3,5,6). Thus, chronic hyperinsulinemia, which is assumed to be present in type 1 diabetes, does not seem to affect total testosterone levels, which is in contrast to short-term hyperinsulinemia (10,23). In this study, total testosterone levels were explained by SHBG. SHBG is the transport protein for testosterone, and it binds ϳ44% of testosterone. In HepG2 cells, insulin inhibits the production and secretion of SHBG (28) . In healthy men, low insulin levels induced by the administration of diazoxide increase SHBG levels (29) . Indeed, in this study SHBG was inversely related to estimated portal insulin in control subjects. Yki-Jarvinen et al.
(11) previously showed that portal insulin and not insulin sensitivity determines SHBG in type 1 diabetes and healthy control subjects. Although in this study the free testosterone was lower in type 1 diabetes, LH was not different and FSH was slightly higher and not related to the lower free testosterone, not even in the four men with type 1 diabetes who had a lower calculated free testosterone level than any of the control subjects. It possibly indicates a tendency toward hypogonadism, under the assumption that biological activity of testosterone in nonhepatic tissues is likely to be a function of free hormone concentration (30, 31) . The free testosterone index was used because of its widespread use. However, calculated free testosterone may be a better indicator of the free fraction than the free testosterone index, and calculated free testosterone indicates that the difference with nondiabetic men is ϳ10% (24). Hypogonadism was previously shown to be associated with neuropathy (15) and with erectile dysfunction in men with type 1 diabetes (14) . Estrone levels were higher in men with diabetes than in control subjects. Because both groups had a similar BMI, the lower serum and 24-h urinary creatinine level in men with type 1 diabetes may indicate the presence of lower muscle tissue mass and thus more body fat in these Linear regression analysis was used in men with type 1 diabetes and in control subjects. Data are regression coefficients (95% CIs). Model I is a crude model, and the results can be interpreted as the mean difference between type 1 diabetic and control subjects. Model II includes diabetes and SHBG or CBG.
van Dam and Associates men. Therefore, the higher estrone levels may be caused by higher androstenedione or substrate levels, higher SHBG levels, and possibly by a higher body fat mass in type 1 diabetes. These hypotheses were not supported by regression analysis. Unfortunately, we did not include any measure for body composition.
Adrenal steroids
Higher DHEA and androstenedione were found in men with type 1 diabetes. Gluud et al. (2) also reported this in the first year after onset of type 1 diabetes. In healthy men, short-term hyperinsulinemia is assumed to inhibit 17,20-lyase or oxidative cleavage of C17-20 bond activity (23) . However, the higher androstenedioneto-17-hydroxyprogesterone ratio may suggest higher 17,20-lyase activity in type 1 diabetes, despite peripheral hyperinsulinemia. In this study, androstenedione levels were not explained by insulin or glucose levels (data not shown) but at least partly by SHBG levels. We also found higher total cortisol in type 1 diabetes, which could be explained by the higher CBG. CBG is the major transport protein for cortisol and binds almost 90% of cortisol (22) . CBG may regulate availability of steroid to tissues (32) . In HepG2 cells, insulin seems to inhibit CBG (33, 34) secretion. However, the mechanisms involved in the regulation of CBG levels are complex (34, 35) . Some clinical data (36) suggest suppressive effects of portal insulin on CBG release by the liver. However, we found no association of CBG with estimated portal insulin. We did, however, find a positive association of CBG with HbA 1c in men with diabetes. A comparable positive association of CBG and HbA 1c was found in obese (glucose-intolerant) otherwise healthy humans (37) , in whom CBG was negatively associated with the insulin response to a glucose challenge. The higher HbA 1c might reflect a condition of more severe insulin deprivation of tissues, including the liver. The similar calculated free cortisol, as measured in a single sample, and the lower 24-h urinary free cortisol excretion suggest a lower diurnal cortisol secretion in these selected men with type 1 diabetes. This is in contrast to the higher daytime urinary free cortisol excretion found in adolescents with type 1 diabetes (38) . The difference may be caused by the frequently occurring fluctuations in glucose levels in adolescents. Hypoglycemia (for example nightly) can also increase cortisol levels, but in the present study, the patients did not report hypoglycemia. The ratio of DHEA to cortisol was not different in type 1 diabetes compared with control subjects, despite significant hyperglycemia in diabetes. Thus, the diversion of steroid synthesis from adrenal androgens to glucocorticoids, as shown previously in poorly controlled type 1 diabetes (6,7) and several other disease states (39, 40) , may be caused by underlying disease rather than elevated glucose levels.
Levels of DHEAS and other adrenal steroids (e.g., 17-hydroxyprogesterone and progesterone) were not different. DHEAS shows an age-related decline (41) . Low DHEAS, even adjusted for age, is associated with cardiovascular disease, insulin resistance, and concomitant longterm hyperinsulinemia (42). Short-term (4 -6 h) hyperinsulinemia is reported to decrease DHEAS levels in normal men (43) and men with type 1 diabetes (10) or type 2 diabetes (44). Nevertheless, we found no lower DHEAS levels, despite chronic peripheral hyperinsulinemia in these selected men with type 1 diabetes. This finding does not support an inhibiting effect of chronic peripheral hyperinsulinemia on DHEAS levels.
Compared with previous studies, this study has the advantage of studying a spectrum of steroids in a relatively large homogenous group of men with type 1 diabetes and control subjects under standardized conditions. Limitations of this study are that we studied the subjects using only a single sample in the morning, whereas cortisol varies considerably over the day and testosterone varies from week to week (45) . Free cortisol levels have not been measured, which may have obscured possible differences. However, the calculated free cortisol and 24-h urinary free cortisol levels did not suggest cortisol excess. We used the morning insulin level as an estimate of whole-day insulin exposure under the assumption that periprandial higher insulin levels contribute little to the daily insulin exposure of steroidproducing tissues and the steroid-binding globulin-producing liver. This may be reasonable in control subjects, but it may be more complex in subjects with type 1 diabetes, in whom serum insulin may be determined predominantly by the insulin dose from the evening before the study. This may have obscured possible relations between estimated portal insulin and SHBG or CBG. Daily insulin dose was not associated with steroids and/or steroid-binding globulins. Despite these limitations, the data add considerably to the knowledge about steroids and steroid-binding globulins in type 1 diabetes.
In conclusion, adult men with type 1 diabetes treated with subcutaneous insulin have a tendency to hypogonadism. Hypogonadism was reflected in slightly lower free testosterone index levels attributable to similar total testosterone levels combined with higher SHBG levels. Although not confirmed in this study, the higher SHBG levels may be related to lower portal insulin levels.
